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Abstract

A novel asymmetric bidentate ruthenium (II) complex, [Ru(bpy)2(PYNI)]2+ (bpy = 2,2 0-bipyridine, PYNI = 2-(2 0-pyr-

idyl)naphthoimidazole), has been synthesized and characterized by elemental analysis, ES-MS (electrospray mass spectra)

and 1H NMR. The electrochemical behaviors of this complex were studied by cyclic voltammetry. DNA interaction studies

suggest that [Ru(bpy)2(PYNI)]2+ binds to calf thymus DNA (CT-DNA) in an intercalative mode. Interestingly, this new Ru(II)

complex has also been found to promote cleavage of plasmid pBR 322 DNA from the supercoiled form I to the open circular

form II upon irradiation.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The interaction of ruthenium (II) polypyridyl com-

plexes with DNA has attracted considerable interest

during the past decades. An understanding of how

these small molecules bind to DNA will be potentially

useful in the design of new drugs and highly sensitive

spectroscopic and reactive probes and diagnostic rea-

gents [1–4]. However, most of these studies have focused

on the complexes with symmetric aromatic ligands
such as [Ru(bpy)2(dppz)]

2+ and [Ru-(phen)2(dppz)]
2+

(bpy = 2,2 0-bipyridine, phen = 1,10-phenanthroline,

dppz = dipyridophenazine) [5–14]. Nevertheless, under-

standing more details of the structure of DNA may
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require the preparation of more structurally analogous

complexes with different shape and electronic properties
and investigation of the DNA binding behavior.

Recently, a few of ruthenium (II) complexes con-

taining asymmetric ligands have been synthesized,

and some of them also exhibit interesting properties

upon binding to DNA [15–20]. In attempt to obtain

more insight into the DNA-binding properties

of ruthenium (II) complexes with asymmetric

ligands, we synthesized and characterized a novel
asymmetric bidentate ligand 2-(2 0-pyridyl)naphthoimi-

dazole (PYNI) and its ruthenium (II) complex. The

DNA-binding and photocleavage properties of the

ruthenium (II) complex were explored by spectro-

scopic methods and viscosity measurement. The pho-

tocleavage behaviors of the ruthenium (II) complex

toward pBR 322 DNA were also investigated. In the

complex two bpy are used as co-complexation ligands,
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because bpy has been previously demonstrated to be

only minimally efficient at inducing intercalative bind-

ing with DNA [21], allowing us to focus on the influ-

ence of the side face of PYNI on the interaction.
2. Experimental

2.1. Materials

All reagents and solvents were purchased commer-

cially and used without further purification unless oth-

erwise noted. Tris–HCl buffer (5 mM Tris–HCl, 50

mM NaCl, pH 7.2, Tris = Tris(hydroxymethyl)amino-
methane) solution was prepared using doubly distilled

water. Calf thymus DNA (CT-DNA) was obtained

from the Sino-American Biotechnology Company. A

solution of calf thymus DNA in the buffer gave a ra-

tio of UV absorbance at 260 and 280 nm of ca. 1.8–

1.9:1, indicating that the DNA was sufficiently free of

protein [22]. The DNA concentration per nucleotide

was determined by absorption spectroscopy using the
molar absorption coefficient (6600 M�1 cm�1) at 260

nm [23].
2.2. Synthesis

2.2.1. Synthesis of PYNI

A mixture of 2-cyanopyridine (0.42 g, 4 mmol), 2,3-

diaminonaphthalene (0.63 g, 4 mmol) and polyphos-
phoric acid (5 cm3) was heated at 240 �C for 4 h. The

reaction mixture was then cooled to room temperature

and poured into water (50 cm3). The solution was neu-

tralized with a 25% NH3 solution. A yellow precipitate

was obtained and recrystallized from ethanol, then dried

in vacuo. Yield: 76%. (Found: C, 78.2; H, 4.4; N, 16.8.

Calc. For C16H11N3: C, 78.4; H, 4.5; N, 17.1%). 1H

NMR (ppm, DMSO-d6): 13.20 (s, 1H), 8.79 (d, 1H,
J = 9.0 Hz), 8.46 (d, 1H, J = 8.0 Hz), 8.14 (s, 2H), 8.05

(t, 1H, J = 7.5 Hz), 8.01 (dd, 2H, J1 = 3.5 Hz, J2 = 3.0

Hz), 7.59 (t, 1H, J = 5.0 Hz), 7.37 (m, 2H). FAB-MS:

m/z = 246 [M + 1].

2.2.2. Synthesis of [Ru(bpy)2(PYNI)](ClO4)2 (1)
A mixture of cis-[Ru(bpy)2Cl2] Æ2H2O [24] (0.10 g, 0.2

mmol) and PYNI (0.049 g, 0.2 mmol) in ethylene glycol

(15 cm3) was refluxed under argon for 6 h to give a clear

red solution. Upon cooling, a brown red precipitate was

obtained by dropwise addition of saturated aqueous Na-

ClO4 solution. The crude product was purified by column

chromatography on a neutral alumina with CH3CN–tol-

uene (2:1, v/v) as eluant. The mainly brown red band was
collected. The solvent was removed under reduced pres-

sure and a brown red powder was obtained. Yield: 64%

(Found: C, 50.2; H, 3.5; N, 11.3. Calc. for
C36H27N7Cl2O8Ru: C, 50.4; H, 3.2; N, 11.4%). 1H

NMR (ppm, DMSO-d6): 8.86 (d, 1H, J = 8.5 Hz), 8.83

(d, 1H, J = 8.5 Hz), 8.81 (d, 1H, J = 8.5 Hz), 8.69 (d,

1H, J = 9.0 Hz), 8.46 (d, 1H, J = 8.5 Hz), 8.34 (t, 1H,

J = 6.5 Hz), 8.28 (s, 1H), 8.16 (t, 1H, J = 7.0 Hz), 8.08

(m, 2H), 8.00 (m, 3H), 7.87 (d, 1H, J = 7.5 Hz), 7.85 (t,
1H, J = 7.5 Hz), 7.73 (d, 1H, J = 7.0 Hz), 7.68 (m, 2H),

7.56 (t, 1H, J = 6.5 Hz), 7.53 (d, 1H, J = 5 Hz), 7.45 (m,

2H), 7.16 (m, 2H), 7.12 (d, 1H, J = 6.5 Hz), 5.80 (s, 1H).

ES-MS (CH3OH): m/z 657 ([M � 2ClO4 � H]+), 329

([M � 2ClO4]
2+).

Caution! Perchlorate salts of metal complexes with

organic ligands are potentially explosive, and only small

amounts of the material should be prepared and han-
dled with great care.

2.3. Physical measurements

Microanalysis (C, H, and N) was carried out with a

Perkin–Elmer 240Q elemental analyzer. Fast atom

bombardment (FAB) mass spectra were measured on

a VG ZAB-HS spectrometer in a 3-nitrobenzyl alcohol
matrix. Electrospray mass spectra (ES-MS) were re-

corded on a LCQ system (Finnigan MAT, USA) using

methanol as mobile phase. The spray voltage, tube lens

offset, capillary voltage and capillary temperature were

set at 4.50 kV, 30.00, 23.00 V and 200 �C, respectively,
and the quoted m/z values are for the major peaks

in the isotope distribution. 1H NMR spectra were

recorded on a Varian-500 spectrometer. All chemical
shifts were given relative to tetramethylsilane (TMS).

UV–visible (UV–Vis) spectra were recorded on a

Shimadzu UV-3101PC spectrophotometer at room

temperature. Cyclic voltammetric measurements were

performed on a CHI 660A Electrochemical Worksta-

tion. The supporting electrolyte was 0.1 M tetrabutyl-

ammonium perchlorate in acetonitrile freshly distilled

from phosphorus pentaoxide. The sample (5 · 10�4

M) was purged with nitrogen prior to measurements.

A standard three-electrode system comprising of plati-

num microcylinder working electrode, platinum-wire

auxiliary electrode and a saturated calomel reference

electrode (SCE) was used.

2.4. DNA-binding and cleavage experiments

The DNA-binding and cleavage experiments were

performed at room temperature. The absorption titra-

tions of ruthenium (II) complexes in buffer (5 mM

Tris–HCl, 50 mM NaCl, pH 7.2) were performed by

using a fixed ruthenium concentration to which incre-

ments of the DNA stock solution were added. Ruthe-

nium solutions employed were 20 lM in concentration

and calf thymus DNA was added to a ratio of 4:1
[DNA]/[Ru]. Ruthenium–DNA solutions were allowed

to incubate for 10 min before the absorption spectra
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were recorded. The intrinsic binding constants Kb of

Ru(II) complexes to DNA were calculated from Eq.

(1) [25].

½DNA�=ðea � efÞ ¼ ½DNA�=ðeb � efÞ þ 1=½Kbðeb � efÞ�;
ð1Þ

where [DNA] is the concentration of DNA in base pairs,

ea, ef and eb correspond to the apparent absorption coef-

ficient Aobsd/[Ru], the extinction coefficient for the free

ruthenium complex and the extinction coefficient for

the ruthenium complex in the fully bound form, respec-

tively. In plots of [DNA]/(ea � ef) versus [DNA], Kb is gi-
ven by the ratio of slope to the intercept.

Thermal denaturation studies were carried out with a

Perkin–Elmer Lambda 35 spectrophotometer equipped

with a Peltier temperature-controlling programmer

(±0.1 �C). The absorbance at 260 nm was continuously
Fig. 1. 1H–1H COSY spectra of [Ru(bpy)
monitored for solutions of CT-DNA (100 lM) in the ab-

sence and presence of the Ru(II) complex (30 lM).

The temperature of the solution was increased by

1 �C min�1.

For the steady-state emission quenching experiment

using [Fe(CN)6]
4� as quencher, according to the classi-

cal Stern–Volmer equation (2) [26]

I0=I ¼ 1þ Kr; ð2Þ

where I0 and I are the luminescence intensities in the ab-

sence and presence of [Fe(CN)6]
4�, respectively. K is a

linear Stern–Volmer quenching constant dependent on

the ratio of the bound concentration of Ru(II) complex
to the concentration of DNA. r is the concentration of

the quencher [Fe(CN)6]
4�. In the plot of I0/I vs. r, the

Stern–Volmer quenching constant K is derived from

the slope.
2(PYNI)]2+ in (CD3)SO (500 MHz).



Y.-J. Liu et al. / Journal of Inorganic Biochemistry 99 (2005) 530–537 533
Viscosity measurements were carried out using an

Ubbelodhe viscometer maintained at a constant temper-

ature at 29.0 ± 0.1 �C in a thermostatic bath. DNA sam-

ples approximately 200 bp in average length were

prepared by sonicating in order to minimize complexi-

ties arising from DNA flexibility [27]. Flow time was
measured with a digital stopwatch, and each sample

was measured three times, and an average flow time

was calculated. Data were presented as (g/g0)
1/3 versus

binding ratio [28], where g is the viscosity of DNA in

the presence of complex and g0 is the viscosity of

DNA alone.

For the gel electrophoresis experiment, supercoiled

pBR 322 DNA (0.1 lg) was treated with the Ru(II) com-
plex in the buffer (50 mM Tris–HCl, 18 mM NaCl, pH

7.2), and the solution was then irradiated at room tem-

perature with a UV lamp (365 nm, 10 W). The samples

were analyzed by electrophoresis for 1 h at 100 V on a

1% agarose gel in Tris–HCl buffer. The gel was stained

with 1 lg ml�1 ethidium bromide and photographed un-

der UV light.
4

3. Results and discussion

3.1. Characterization

The 1H–1H COSY (correlated spectroscopy) NMR

spectrum of [Ru(bpy)2(PYNI)]2+ in hexadeuterodi-

methyl sulfoxide (DMSO-d6) is shown in Fig. 1. It is
interesting to note that, due to the asymmetry of the

complex, the protons in different positions (H3, H4,

H5, H6) on different pyridine rings (A, B, C, D, E) are

distinguished as defined in the structure. The chemical
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Fig. 2. Cyclic voltammogram of [Ru(bpy)2(PYNI)]2+ in CH3CN.
shifts of the protons on the PYNI naphthyl ring, how-

ever, separate at higher field, especially Hf at 5.80 ppm

because of the ring current effect with the naphthyl ring

facing pyridine A in the complex.

The electrochemical behavior of [Ru(bpy)2(PYNI)]2+

has been studied in acetonitrile by cyclic voltammetry.
The Ru(II) complex exhibits well-defined waves corre-

sponding to the metal-based oxidation and successive

ligand-based reduction in the sweep rang from �2.0 to

2.0 V (Fig. 2). The anodic and cathodic peak separations

vary from 61 to 72 mV and are nearly independent to

scan rate, indicating that the processes are reversible

and belong to one-electron transfer. As expected, the

oxidation potential 1.16 V (versus SCE) of [Ru(bpy)2-
(PYNI)]2+ is more negative than that of [Ru(bpy)3]

2+

(1.28 V) [29] due to the donor capacity of the coordi-

nated imidazole. For the two reversible reduction waves

observed in the cyclic voltammogram (�1.44 and �1.68

V), by comparing with the redox behaviors of [Ru-

(bpy)3]
2+ and related complexes [30,31], they are charac-

teristic of the two bpy ligands.

3.2. Absorption spectroscopic studies

The absorption spectrum of [Ru(bpy)2(PYNI)]2+

mainly consists of three resolved bands in range 200–

600 nm. The bands at 286 nm is attributed to intraligand

(IL) p–p* transitions, the band at 352 nm is attributed to

the p–p* transition and the lowest energy bands at 470

nm is assigned to the metal-to-ligand charge transfer
(MLCT) transitions by comparison with the spectra of
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Fig. 3. Absorption spectra of [Ru(bpy)2(PYNI)]2+ in the presence of

increasing amounts of DNA with subtraction of the DNA absorbance

([Ru] = 20 lM, [DNA] = 0–80 lM). The arrow shows the absorbance

changes on increasing DNA concentration.
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other polypyridyl Ru(II) complexes [30,31]. The elec-

tronic spectral traces of the Ru(II) complex titrated at

room temperature with DNA are shown in Fig. 3. As

the DNA concentration is increased, for complex [Ru-

(bpy)2(PYNI)]2+, the hypochromism in the IL band

reaches as high as 22.5% at 286 nm with a red shift of
4 nm; the MLCT band at 470 nm shows hypochromism

by about 12.8% and a red shift of 3 nm under the same

experimental conditions. Obviously, these spectral char-

acteristics suggest that the complex in our paper interact

with DNA most likely through a mode that involves a

stacking interaction between the aromatic chomophore

and the base pairs of DNA. In order to further illustrate

the binding strength of the complex, the intrinsic bind-
ing constants Kb of it with CT-DNA was determined

by monitoring the changes of absorbance in the MLCT

(470 nm) band with increasing concentration of

DNA. The intrinsic binding constant Kb of the complex

obtained was 3.81 · 104 M�1, from the decay of

the absorbance. This value is comparable to that of those

so-called DNA–intercalative Ru(II) complexes (1.1 · 104

–4.8 · 104 M�1) [16,32]. The results of absorption spect-
roscopic studies indicate that complex [Ru(bpy)2-

(PYNI)]2+ binds strongly to DNA by intercalation.

3.3. Thermal denaturation study

Thermal behaviors of DNA in the presence of com-

plexes can give insight into their conformational changes

when temperature is raised, and offer information about
the interaction strength of complexes with DNA. It is

well known that when the temperature in the solution
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Fig. 4. Melting temperature curves of DNA in the absence (h) and

presence of [Ru(bpy)2(PYNI)]2+ (n). [Ru] = 30 lM, [DNA] = 100 lM.
increases, the double-stranded DNA gradually dissoci-

ates to single strands, and generates a hyperchromic ef-

fect on the absorption spectra of DNA bases (kmax = 260

nm). In order to identify this transition process, the

melting temperature Tm, which is defined as the temper-

ature where half of the total base pairs is unbonded, is
usually introduced. According to the literatures [33–

35], the intercalation of natural or synthesized organics

and metallointercalators generally results in a consider-

able increase in melting temperature (Tm). Here, a DNA

(100 lM) melting experiment revealed that Tm of calf

thymus DNA is 75.6 ± 0.2 �C in the absence of the com-

plex (Fig. 4). However, with addition of [Ru(bpy)2(PY-

NI)]2+ (30 lM), the Tm of the DNA increase
dramatically to 83.0 ± 0.2 �C. The large increase (�7.5

�C) in Tm of the latter is comparable to that observed

for classical intercalators [33–35].

3.4. Luminescence spectroscopic study

Complex [Ru(bpy)2(PYNI)]2+ can emit luminescence

in Tris buffer at room temperature, with maxima at
about 583 nm, excited in 464 nm. Its interaction with

CT-DNA was monitored with luminescence. The results

of emission titrations for [Ru(bpy)2(PYNI)]2+ with

CT-DNA are illustrated in Fig. 5. Upon addition of

CT-DNA, the emission intensity of the Ru(II) complex

increases to around 2.9 times larger than the original

and saturates at a ratio of [DNA]/[Ru] = 21.5. This im-

plies that [Ru(bpy)2(PYNI)]2+ can interact with
CT-DNA and be protected by DNA efficiently, since

the hydrophobic environment inside the DNA helix re-

duces the accessibility of solvent water molecules to

the complex and the complex mobility is restricted at

the binding site, leading to decrease of the vibrational

modes of relaxation. We can also derive the binding

constant of the complex interacting with DNA from

the emission spectra using the luminescence titration
method. The binding data obtained from the emission

spectra were fitted using the McGhee and von Hippel

equation [36] to acquire the binding parameters. The

intrinsic binding constant Kb of 4.32 (±0.2) · 104 M�1

for complex was determined. Comparing with that ob-

tained from absorption spectra, although the binding

constant obtained from luminescence titration with

McGhee–von Hippel method is different from that
obtained absorption with the method suggested byWolfe

et al. [25], this difference between the two sets of binding

constants should be caused by the different spectroscopy

and different calculation method. The binding site, n, was

2.32 (±0.05) base pairs for complex, which is also similar

to those of many Ru(II) polypyridine complexes [37].

Steady-state emission quenching experiment using

[Fe(CN)6]
4� as quencher is also used to observe the

binding of [Ru(bpy)2(PYNI)]2+ with CT-DNA, and

the known DNA intercalator [Ru(bpy)2(atatp)]
2+ [38]
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is selected as reference. As illustrated in Fig. 6, in the ab-

sence of DNA, the Ru(II) complex is efficiently

quenched by [Fe(CN)6]
4�, resulting in a linear Stern–

Volmer plot with a slope of 2.45 and 1.84 for complexes

[Ru(bpy)2(PYNI)]2+ and [Ru(bpy)2(atatp)]
2+. In the

presence of DNA, however, the Stern–Volmer plot

changes drastically, and the efficiency of quenching

(slope 0.18 and 0.13 for [Ru(bpy)2(PYNI)]2+ and [Ru-
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Fig. 6. Emission quenching with [Fe(CN)6]
4� for free (.) or DNA-

bound (�) [Ru(bpy)2(PYNI)]2 and free (m) or DNA-bound (j)

[Ru(bpy)2(actatp)]
2+ ([Ru] = 4 lM, [DNA]/[Ru] = 40).
(bpy)2(atatp)]
2+, respectively) of the Ru(II) complex

bound to DNA by [Fe(CN)6]
4� is decreased relative to

that of the free Ru(II) complex. This also reflects the

strong DNA-binding affinity of [Ru(bpy)2(PYNI)]2+

and may be explained by the fact that the bound cations

of the Ru(II) complex are protected from the anionic
water-bound quencher by the negative DNA phosphate

backbone, hindering quenching the emission of bound

complexes [21,39]. The slope can be taken as a measure

of binding affinity, a large slope corresponding to poor

protection and low binding [21,39]. Although the shapes

of [Ru(bpy)2(PYNI)]2+ and [Ru(bpy)2(atatp)]
2+ are dif-

ferent, the slope of [Ru(bpy)2(PYNI)]2+ is similar to that

of [Ru(bpy)2(atatp)]
2+. The experimental results suggest

that complex [Ru(bpy)2(PYNI)]2+ could bind DNA in

classical intercalation mode.

3.5. Viscosity measurement

In fact, optical photophysical probes generally pro-

vide necessary but not sufficient clues to support a bind-

ing mode. Viscosity measurements that are sensitive to
length change of DNA are regarded as the least ambig-

uous and the most critical tests of binding mode in solu-

tion in the absence of crystallographic structural data or

NMR spectra [40,41]. It is popularly accepted that a

classical intercalation mode results in lengthening the

DNA helix, as base pairs are separated to accommodate

the binding ligand, leading to the increase of DNA vis-

cosity. In contrast, a partial and/or non-classical interca-
lation of ligand could bend (or kink) the DNA helix,

reduce its effective length and, concomitantly, its viscos-

ity [40,41]. In order to further elucidate the binding

mode of the present complex, viscosity measurements

were carried out on calf thymus DNA by varying the

concentration of the added complex. The effects of the

complex [Ru(bpy)2(PYNI)]2+, together with [Ru-

(bpy)2(dppz)]
2+ on the viscosity of rod-like DNA were

shown in Fig. 7. As expected, [Ru(bpy)2(dppz)]
2+, a

proved DNA intercalator, increases the relative specific

viscosity for the lengthening of the DNA double helix

resulting from intercalation. Upon increasing concentra-

tion of [Ru(bpy)2(PYNI)]2+, the viscosity of the DNA

also increase steadily but is smaller than those bound

with [Ru(bpy)2(dppz)]
2+. The results indicate that

[Ru(bpy)2(PYNI)]2+ can intercalate into DNA base
pairs too, which is consistent with the spectroscopic re-

sults above.

3.6. Photoactivated cleavage of pBR 322 DNA by Ru(II)

complex

The cleavage reaction on plasmid DNA can be mon-

itored by agarose gel electrophoresis. When circular
plasmid DNA is subject to electrophoresis, relatively

fast migration will be observed for the intact supercoil
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form (Form I). If scission occurs on one strand (nick-

ing), the supercoil will relax to generate a slower-moving

open circular form (Form II). If both strands are

cleaved, a linear form (Form III) that migrates between

Form I and Form II will be generated [42]. Fig. 8 shows

gel electrophoresis separation of pBR 322 DNA after

incubation with [Ru(bpy)2(PYNI)]2+ and irradiation at

365 nm. No DNA cleavage was observed for controls
in which the complex was absent (lane 0), or incubation

of the plasmid with the Ru(II) complex in dark (data not

presented). With increasing concentration of the Ru(II)

complex (lanes 1–4), the amount of Form I of pBR 322

DNA diminish gradually, whereas Form II increases. At

the concentration of 40 lM, [Ru(bpy)2(PYNI)]2+ can al-

most promoting the complete conversion of DNA from

the form I to form II (lane 4). Although DNA photo-
cleavage by [Ru(phen)3]

2+ and other Ru(II) complexes

has been reported to involve an 1O2-based mechanism
Fig. 8. Photoactivated cleavage of pBR 322 DNA in the presence of

[Ru(bpy)2(PYNI)]2+ and light. Lane 0, DNA alone; lanes 1–4, in the

different concentration of Ru(II) complex: (1) 10; (2) 20; (3) 30; (4) 40

lM.
[43,44], the mechanism of their action involved in the

efficient DNA photocleavage by the new Ru(II) complex

observed in this study has not yet been explored in

detail.
4. Conclusions

A newly asymmetric ruthenium (II) complex [Ru-

(bpy)2(PYNI)]2+ has been synthesized and character-

ized. Photophysical and viscometric studies have

demonstrated that this complex can intercalate into

DNA base pairs via its extended, planar ligands. In

addition, this Ru(II) complex has been found to pro-
mote the single-stranded cleavage of plasmid pBR 322

DNA upon irradiation.
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